• Haploinsufficiency of Sox18 reveals an important role for VEGFD in regulating blood vascular development in vivo in vertebrates.
Introduction
Vascular endothelial growth factor (VEGF) signaling pathways regulate diverse processes during vascular development. [1] [2] [3] In mammals, the VEGF family of growth factors 3 bind to and activate 3 main receptors, VEGFR1, VEGFR2, and VEGFR3. Among these growth factors, VEGFA controls both vasculogenesis and angiogenesis. 1, 4, 5 Mouse embryos lacking a single Vegfa allele are embryonic lethal because of severe blood vascular defects 1, 2 ; in zebrafish, knock down of Vegfa signaling leads to a block in arteriovenous differentiation and angiogenesis. 5, 6 VEGFB plays a role in cardiac and coronary development, 7 whereas VEGFC controls the earliest lymphatic endothelial cell migration in the embryo during lymphangiogenesis. 8 The function of VEGFD during embryonic vascular development remains to be clarified. VEGFD is capable of binding to and activating signaling through a number of VEGF receptors, 9, 10 and upregulation of VEGFD promotes pathological neo-lymphangiogenesis. [11] [12] [13] In addition, VEGFD overexpression affects blood vascular angiogenesis. 14, 15 Despite these capabilities, Vegfd-null mice display no obvious vascular defects 16 and Vegfd/Vegfc double mutant mice are indistinguishable from Vegfc mutants, suggesting that VEGFD does not influence vascular development. 17 Vasculogenesis and angiogenesis are also tightly regulated by key transcription factors in vivo. These include the SRY-related high mobility group domain family F (SOXF) transcription factor group. The SOXF group consists of SOX7, SOX17, and SOX18, which selectively recognize and activate transcription from a common consensus sequence. 18 In vertebrates, all of the SOXFs are expressed in the developing blood vasculature and have been found to regulate vascular developmental processes in a redundant manner. [19] [20] [21] [22] [23] Of the SOXF factors, SOX18 primarily regulates lymphatic fate in a subpopulation of venous endothelial cells, whereas SOX7 and SOX17 act as modifiers of SOX18 function in some genetic backgrounds in mice. 23 In zebrafish, during early blood vascular development, Sox18 and Sox7 redundantly regulate arteriovenous specification. [19] [20] [21] In humans, heterozygous nonsense mutations within the transactivation domain of SOX18 lead to hypotrichosislymphedema-telangiectasia syndrome, associated with variable vascular defects. The online version of this article contains a data supplement.
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In the present study, we used zebrafish to probe for genetic interactions between SoxFs and Vegfs. We identified a severe blood vascular phenotype during development with combined Sox18/Vegfd loss of function in zebrafish. We also observed this interaction in double knockout mice. We showed that VEGFD is capable of enhancing the nuclear distribution and activity of SOX18 in vitro and of modulating SoxF-dependent transcriptional activation in vivo via mitogen-activated protein kinase kinase-extracellular signal-regulated kinase (MEK-ERK) signaling. Our results identify the first endogenous role for VEGFD during blood vascular development, acting through the modulation of SOX18 activity. This conserved interaction is critical for the formation of a functional blood vascular system in the developing embryo.
Materials and methods

Mouse and zebrafish
Vegfd
2/2 mice have been previously described. 16 Sox18 2/2 mice on a mixed 129/CD1 genetic background were generated and genotyped as previously described. 23 To generate Sox18/Vegfd double knockout mice, we crossed Sox18 2/2 females (129/CD1, mixed background) with Vegfd-nullizygous males (C57BL/6 background). Sox18 
Morpholino oligomers, mRNA injections, and chemical treatments
The vegfd start codon (ATG) and splice-site (spl) targeting morpholino oligomers (MOs) (Genetools, LLC) (supplemental Table 3 , available on the Blood Web site) were injected at a concentration of 5 ng or 10 ng/embryo. The specificity of the spl MO (MO spl-vegfd) was evaluated by performing quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) to assess messenger RNA (mRNA) expression levels in embryos injected with different amounts of MO (5 and 10 ng). vegfd mRNA for rescue experiments was made as previously described. 29 Previously published and validated MOs include MO-sox18, 19 MO-sox7, 19 MO-vegfc, 30 MOflt4, 29 MO-kdr, 31 and MO-kdrl 32 were injected at a concentration of 5 or 10 ng/embryo.
To inhibit VEGFR tyrosine kinase activity, SU5416 was used as previously described (SU5416; Sigma Aldrich). 33 To study signaling downstream of Vegfd, we used VEGFR3 inhibitor (MAZ51; Merck), PI3-kinase inhibitors (Wortmannin; Sigma-Aldrich and LY294002; SigmaAldrich), 34 and MEK inhibitors (U0126; Sigma-Aldrich and PD98059; Cell Signaling). 34, 35 Immunohistochemistry and in situ hybridization
Zebrafish embryos for sectional analysis were fixed overnight with 4% paraformaldehyde at 4°C. The embryos were then manually processed through an ethanol and xylene series before being embedded in paraffin. Paraffinembedded embryos were sectioned using a Leica microtome into 7-mm sections. Nuclei were visualized by using 49,6-diamidino-2-phenylindole (DAPI). Whole-mount in situ hybridization of zebrafish embryos was performed as previously described. 36 Probes used in this study were: ephrinB2a, 37 dab2, 38 kdrl, 39 gfp, etv2, 40 and vegfd. 25 (Additional methods can be found in supplemental Methods.)
Results
Sox7/Vegfd or Sox18/Vegfd double knockdown embryos display arteriovenous fusion defects in zebrafish
To screen for genetic interactions between SoxF transcription factors and the Vegf signaling pathway, we used zebrafish knockdown approaches. We injected previously validated 19 MOs against sox18 or sox7 together with MOs targeting kdr, kdrl, flt4, vegfc, and vegfd (Table 1) . We did not knock down Vegfa (a/b), Plc-ϒ, or Sox17 because in these cases early phenotypes have been reported that would be epistatic to specific later vascular defects in double loss-offunction animals. 5, 41, 42 We examined the overall gross phenotype and the developing vasculature of injected embryos at 48 hours post fertilization (hpf) (Figure 1 ). At this stage, the dorsal aorta (DA) and posterior cardinal vein (PCV) have formed distinct vessels in control embryos (Figure 1Bi-iii and Table 1 ) and arteriovenous separation can be clearly visualized in transverse sections through the trunk ( Figure 1C and Di-iii).
Strikingly, double knockdown (dKD) of Sox18/Vegfd or Sox7/ Vegfd, but no other combination, led to arteriovenous fusion and loss of blood circulation in the posterior region of the embryo by 48 hpf (Figure 1B -Div; Table 1 ; supplemental Figures 1 and 2 ). This phenotype was indistinguishable from that of Sox18/Sox7 dKDinjected embryos, which has been previously reported. [19] [20] [21] Early migration of angioblast populations 43 appeared normal at 16 hpf by etv2 whole-mount in situ hybridization (supplemental Figure 3) , suggesting that vasculogenesis initiated normally in these animals but progressed to arteriovenous fusion at later stages. We controlled for the specificity and efficacy of our vegfd MOs by targeting 2 separate MOs against both the start codon and a splice site in the vegfd pre-mRNA and by using qRT-PCR to validate the splice MO (supplemental Figure 4) . We also injected vegfd mRNA in a series of rescue assays ( Figure 1A -Dv). The phenotypic penetrance of ;65% of the dKD embryos was rescued to ;35% when vegfd mRNA was introduced ( Figure 1E-F) . These results indicate that in the absence of one individual SoxF (Sox7 or Sox18), the combined activity of the remaining compensatory SoxF as well as Vegfd is required for normal arteriovenous development in zebrafish. 
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For personal use only. on July 15, 2017. by guest www.bloodjournal.org From Sox18 and Vegfd genetically interact to control blood vascular development in mice Given the surprisingly selective interaction observed in zebrafish, we generated Sox18/Vegfd double knockout mice to confirm the relevance of this interaction in a mammalian system. Because both Sox7 and Sox17 knockout mice display early embryonic lethal phenotypes, 44 we focused on Sox18/Vegfd double knockout animals. Previous studies have shown that Sox18 knockout embryos exhibit only a mild coat phenotype on a mixed 129/CD1 genetic background. 45 In contrast, Sox18 knockout embryos on a pure C57BL/6 background display a severe lymphatic vascular phenotype with subcutaneous edema, and die in utero around 14.5 days post coitum (dpc). 23, 46 We generated an allelic series of Sox18/Vegfd double knockout embryos at a variety of time points. Phenotypes of embryos were assessed at several developmental stages (supplemental Table 1 ). Combinations of heterozygous and homozygous double mutants led to dramatic subcutaneous hemorrhaging ( Figure 2A ; supplemental Table 1 ). The phenotype was present at 12.5 dpc throughout the body (black arrowheads), which we considered suggestive of an underlying blood vascular defect. We observed this phenotype from as early as 11.5 dpc (supplemental Figure 5A , black arrow), although the most severe phenotypes were seen around 13.5 dpc, characterized by generalized hemorrhage and edema (supplemental Figure 5A , white arrowhead) and led to embryonic lethality by 16.5 dpc. In this mixed genetic background (129/CD1/C57BL/6), we observed a gene dosage-dependent penetrance of the phenotype ranging from 35% to 51% (a total of 198 embryos were analyzed; details of phenotypes and penetrance are given in supplementa1 Table 1 and supplemental Figure 5B ).
To determine whether hemorrhaging was associated with vascular defects, we examined the subcutaneous blood vascular network in 14.5 dpc embryonic skin by whole-mount immunofluorescence staining for the pan-endothelial cell marker ENDOMUCIN. The subcutaneous blood vascular network grows progressively from the lateral aspect of the embryo to the dorsal midline, where vessels from 2 distinct migration fronts fuse. 47 Analysis of the dissected skin of Sox18/Vegfd double knockout mice revealed that, although angiogenesis had given rise to a network of subcutaneous blood vessels, these vessels were dilated in cross-section (supplemental Figure 5Cii , arrows) and displayed significantly increased density ( Figure 2B ; supplemental Figure 5D ) compared with wild-type vessels. These data suggest that dramatic blood vascular defects are responsible for the surface hemorrhage observed in double knockout embryos.
Sox18/Vegfd double knockout mouse embryos display dilation of the major vessels
We assessed arterial and venous morphology in Sox18/Vegfd double knockout mouse embryos. Transverse sections of 11.5 dpc embryonic trunks were stained with specific vascular markers NEUROPILIN-2, CAVEOLIN, and CD34 to highlight the DA and cardinal veins (CVs) ( Figure 3A) . We observed both dilated DAs and CVs in the double knockout embryos compared with ) ( Figure 3A , n 5 2). In addition, we performed whole-mount immunofluorescence staining for VEGFR3 (green) and PECAM (red). Three-dimensional optical projection tomography was used to examine the whole embryonic vasculature (Figure 3Bi ,iii; supplemental movies 1-2). Double knockout embryos displayed a dilated left, right, and midline DA when compared with control embryos (Sox18
) (n 5 3) (Figure 3Bii ,iv; white arrowhead). Interestingly, we also noticed 1 arterial branch missing in double knockout embryos (Figure 3Biv , asterisk). These data showed that the defects occur early in development. This genetic interaction implies that SOX18-positive endothelium should neighbor a source of VEGFD during blood vascular development. Hence, we evaluated Vegfd and Sox18 expression during vascular formation using in situ hybridization. Vegfd expression was detected adjacent to the DA and CV, which expressed Sox18 in mouse (11.5 dpc) and zebrafish (24 hpf) ( Figure 3C-D) . 23, 46, 48 Having observed early defects in mouse embryonic arteries and veins, we further characterized the arteriovenous defects observed in dKD zebrafish. We evaluated the expression of the arterial marker, ephrinB2a, and the venous marker, dab2, in 26 hpf embryos. dKD Sox18/Vegfd embryos showed ectopic expression of arterial marker ephrinB2a in the vein and of venous marker dab2 in the artery (supplemental Figure 6) . Notably, shunt formation between the artery and vein in Sox18/Vegfd dKD embryos was observed (supplemental Figure 6 ). Although this is a distinct phenotype from that observed in mouse embryos, these defects in arteriovenous differentiation are consistent with a conserved early blood vascular defect.
SOX18-driven transcription and SOX18 nuclear distribution is enhanced by VEGFD treatment in vitro in endothelial cells
To investigate a possible role for VEGFD in regulating SOX18 transcriptional activity, we treated a lymphatic endothelial cell line 49 with VEGFD at 200 ng/mL and evaluated SOX18 transcriptional activity. First, we performed luciferase assays in these cells using a vector containing 1889 bp of the proximal mouse VCAM1 promoter construct (pGL2B, VC1889), previously identified as a direct target of SOX18. 50 The VCAM1-driven luciferase reporter gene had basal levels of expression posttransfection that was likely from endogenous levels of other SOXF transcription factors. Importantly, this promoter activity was significantly enhanced approximately 2-fold in transfected cells treated with VEGFD ( Figure 4A , n 5 3, P , .01). The enhanced activity of this promoter fragment was suppressed when the cells were co-transfected with constructs driving the expression of the Ragged Opossum (Sox18 RaOp ) form of Sox18, which encodes a dominant-negative protein that suppresses the endogenous function of all SOXF family transcription factors ( Figure 4A) . 48 These assays indicate that gain of VEGFD function can modulate SOX18 target gene expression in a SOX18-dependent manner in vitro.
To strengthen this observation, we evaluated the expression of other SOX18 endogenous target genes in these cells. We examined the levels of known targets Prox1, 46 Mmp7, 51, 52 and Tie1 (unpublished data). The endogenous expression of these SOX18 target genes was upregulated approximately twofold in the presence of VEGFD and in all cases this was suppressed in the presence of SOX18
RaOp dominant-negative protein ( Figure 4B -D, n 5 3, P , .05). For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
We next examined SOX18 protein subcellular localization in cells treated with VEGF ligands. Using VEGFC and VEGFD treatments, we found that the level of SOX18 protein was elevated in the nucleus by western blot analysis of nuclear protein isolated after stimulation for 1 hour ( Figure 4E ). Importantly, this regulation was independent of Sox18 transcription based on both qRT-PCR and Sox18 promoter-luciferase assays ( Figure 4F-G) . We treated cells with VEGFD, VEGFC, and VEGFA (200 ng/mL) for 1 hour and then examined SOX18 protein distribution. We found that although SOX18 is detectable in the nucleus of lymphatic endothelial cells without treatment, SOX18 distribution within the nucleus was significantly more widespread following all treatments ( Figure 4H , asterisks). We also examined these effects in an alternative endothelial cell culture model-HUVECs (Figure 4I, asterisks) . We treated HUVECs with VEGFD (300 ng/mL) and quantified SOX18 levels in the nucleus by ImageJ analysis of immunofluorescence localization. Fluorescence intensity for SOX18 analyzed in cytoplasm relative to nuclei confirmed that VEGFD promotes higher localization of this transcription factor in nuclei ( Figure 4J-K) .
This approach assays only capability in vitro and not necessity in vivo of the identified interactions. Hence, these observations in cultured endothelial cells identify a biochemical capability of the VEGFs to modulate the nuclear concentration and activity of SOX18.
SoxF-driven gene expression is modulated by Vegfd in vivo in zebrafish
To determine whether this capability of VEGFD is relevant in an in vivo setting, we took advantage of a transgenic zebrafish line, Tg(26.5kdrl:EGFP), in which EGFP is driven by a 6.5-kb kdrl promoter. 28 Previous studies have noted that the expression of this transgene is reduced in Sox18/Sox7 dKD-injected embryos. 20, 21 We investigated this further in a Tg(26.5kdrl:EGFP;fli1a.ep: DsRedEx) double transgenic embryos using confocal microscopy, in situ hybridization and real-time PCR analysis (Figure 5A-D) . Zebrafish embryos with single knock down of either Sox18 or Sox7 displayed a mild reduction in enhanced green fluorescent protein (EGFP) expression as compared with uninjected control embryos ( Figure 5A-B) . In contrast, dKD Sox18/Sox7 embryos display a near-complete loss of EGFP expression at the level of both transcript and protein, whereas the fli1a.ep:DsRedEx transgene remained unchanged, the latter of which indicated the presence of endothelium ( Figure 5A-B,D) . To determine if this reflects an essential requirement of Sox18/Sox7 for kdrl transcription, we evaluated the endogenous kdrl transcript in dKD embryos. Although EGFP transcript levels were significantly reduced in dKD embryos, the difference in endogenous kdrl transcript between control and Sox18/Sox7 dKD was subtle compared with the reduction in EGFP expression ( Figure 5C , n 5 6, P , .05; supplemental Figure 7 ). This indicates that the kdrl:EGFP transgenic line is a more sensitive reporter of SoxF-driven gene expression than the endogenous kdrl locus.
We further explored whether the kdrl promoter is a direct SoxF target in zebrafish. Earlier work performed with this transgene identified an 800-bp fragment essential to drive endothelial expression. 53 In silico analysis of this 800-bp region uncovered the presence of a module made of 2 Sox-responsive elements, S1 and S2, separated by 60 nucleotides (Genomatix software) ( Figure 5E ). This module displays a high degree of similarity to previously published functional Sox sites. 54, 55 To assess the functionality of these 2 Sox sites in vivo, we excised 200 bp from the full 6.5-kb kdrl promoter, containing the 2 putative Sox sites by restriction digest. DNA was injected to analyze transient transgene expression of the 6.5-kb promoter or a 6.3-kb Dsox promoter. Excision of the 200-bp fragment led to strong reduction of EGFP expression post-DNA injection ( Figure 5F -H). To show that these putative Sox-responsive elements are bound by SOX18 protein, fluorescence polarization experiments were used. 56 We found that SOX18 has the capability to bind directly to both of the sites present in this 200-bp region ( Figure 5I ; supplemental Figure 8 ). This result suggests that kdrl is probably directly modulated by SoxF transcription factors in zebrafish and serves as an in vivo readout of SoxF transcriptional activity.
We took advantage of this observation and knocked down Vegfd in combination with either Sox18 or Sox7 in the Tg(26.5kdrl:EGFP) line. We used qRT-PCR to quantify EGFP mRNA expression levels relative to the endogenous levels of cdh5 (VE-Cadherin). Embryos carrying a single copy of the kdrl:EGFP transgene (heterozygotes) with Vegfd knockdown displayed a mild reduction in EGFP expression levels compared with control uninjected embryos. Single knock down of Sox7 but not Sox18 led to mild reductions in EGFP transcript levels, whereas the dKD of Vegfd with either Sox7 or Sox18 led to further reduced EGFP transcript levels ( Figure 5J , n 5 6, P , .001; supplemental Figure 9 ). Taken together with the previous findings, these data suggest that in the context of depleted Sox7 or Sox18, endogenous Vegfd modulates the transcriptional output of the remaining, compensatory SoxF in the zebrafish embryo.
VEGFD acts via MEK-ERK to modulate SOXF activity
Although VEGFD has been shown to be capable of activating signaling through several VEGFRs in different organisms, 9,10 we found no evidence for genetic interactions between sox18 or sox7 and any individual vegfrs in our zebrafish double morpholino analysis (Table 1) . To test which downstream signaling mechanism was involved in the interaction, we used the chemical inhibitors SU5416, MAZ51, Wortmannin, LY294002, U0126, and PD98059 that target VEGFR tyrosine kinase activity, VEGFR3, PI3K, and MEK-ERK activity. These inhibitors were tested in zebrafish together with MO-sox7 or MO-sox18 and the frequency of arteriovenous defects scored as a readout for interaction. We found that SU4516 (suboptimal concentration 0.55 mΜ) or U0126 and PD98059 (MEK inhibitors) treatment led to significant increases in the frequency of the arteriovenous fusion phenotype in combination with MO injection (Figure 6A-B; supplemental Figure 10 ), whereas MAZ51 (VEGFR3 blocker), Wortmannin, and LY294002 (PI3K inhibitors) did not give rise to any interaction (supplemental Table 2 ). Previous studies have shown that zebrafish embryos treated with SU5416 inhibitor at 1 mM display arteriovenous fusion defects, as do double kdrl/kdr MO injections. 6, 33 Given that SU5416 is expected to inhibit multiple VEGFRs, these data combined with the MO interactions shown in Table 1 , suggest that a combination of receptors is likely to be involved. The observed interactions with U0126 and PD98059 (MEK inhibitors) treatment suggest that intracellular VEGFD signals are transduced through the MEK-ERK pathway.
To further validate this observation, we returned to our HUVEC model. VEGFD-induced nuclear enrichment of SOX18 was disrupted by treatment with SU5416 or MEK inhibitors (U0126) but not a VEGFR3 inhibitor (MAZ51) (Figure 6C-D) . This interaction supports the in vivo findings that the MEK-ERK pathway is involved in the transduction of VEGFD-mediated signals and cooperates with SOX7 and SOX18 during vascular development.
Discussion
Here, we set out to evaluate the level of genetic interaction between 2 key pathways regulating early vascular development: SOXF transcription factors and VEGF signaling pathways. We have uncovered a previously unknown embryonic function of VEGFD during early blood vessel development. Although VEGFD has long been known through overexpression studies to be capable of regulating key developmental pathways, 15 an endogenous role in the embryo has remained elusive. Surprisingly, the severe blood vascular phenotype in mice is only revealed when there is a combined loss of both VEGFD and SOX18 function. The penetrance of the double knockout mouse phenotype was around 50%, perhaps indicating the existence of further genetic modifiers or redundancy. 23, 57 In the zebrafish, dKD phenotypes revealed that the interaction is highly conserved and influences arteriovenous differentiation.
Both Sox7 and Sox17 knockout mice are early embryonic lethal, precluding assessment of the vasculature at stages examined here (unpublished data). 44 Hence, the Sox18 knockout mice, which do For personal use only. on July 15, 2017. by guest www.bloodjournal.org From not display blood vascular defects, were ideal for this study. Notably, the blood vascular phenotype in double knockout Sox18/ Vegfd embryos was absent before 10.5 dpc, and we only observed the gross blood vascular phenotype from 11.5 dpc, which was severe by 12.5 dpc (Figure 2A ; supplemental Figure 5A ). These interactions cannot be explained by the mixed genetic background used here. Vegfd 2/2 mice show no phenotype on any background (or in these specific crosses from n 5 23 embryos analyzed) and Sox18 2/2 knockout mice rarely display any blood vascular phenotype, with hemorrhaging seen in 14% of these mixed background embryos from n 5 43 embryos examined here (supplemental Table 1 ). Relative to these phenotypic frequencies, penetrance of 55% from n 5 51 double Sox18/Vegfd homozygous null embryos is highly statistically significant (Fisher's exact test P 5 3.766e-05). Although this study focused on the role of this genetic interaction in blood vascular development, double loss-of-function animals in both mouse and zebrafish exhibit some lymphatic vascular phenotypes (supplemental Figure 11) . However, these are likely to be secondary to earlier blood vascular defects and further studies are needed.
We show in vitro that endothelial cells treated with VEGFD, C, and A have increased SOX18 transcriptional activity. This level of activation may not reflect the level of influence seen in vivo, but does establish the biochemical potency of VEGFs to modulate SOX18 posttranscriptionally at the level of SOX18 nuclear distribution and transcriptional activity. This capability is MEK-ERK-dependent and regulates nuclear concentration and activity of SOX18. Consistently, a recent study from Deng et al 35 demonstrated that increased signaling through ERK increases the nuclear detection of SOX18 and subsequently increases PROX1 expression in vivo in mice.
As a demonstration of VEGFD's ability to influence SOX18-directed transcription in vivo, we used the Tg(26.5kdrl:EGFP) zebrafish line. We found that 26.5kdrl:EGFP transgene expression is Sox7-and Sox18-driven. This is not a function of transgene integration position, because we also see it with independent insertions of kdrl:mCherry-CAAX (data not shown) 27 and have refined potential Sox-responsive elements within the promoter ( Figure 5 ). To a lesser extent than at this synthetic locus, endogenous kdrl gene expression levels were also modulated by Sox7 and Sox18. This in vivo tool showed that the Sox-driven EGFP expression is modified by Vegfd levels. The level of influence exerted by Vegfd at the kdrl promoter is very mild, with only a 23% reduction in vegfd morphants. Similarly, in an embryonic stem cell model of SoxF-deficient endothelial differentiation, a mild reduction of VEGFR2 mRNA expression levels (20%) has been previously observed. 46 Interestingly, the modulation of kdrl may be of functional importance in the blood vessel phenotypes seen in dKD embryos given that Vegfa/ Kdrl regulates arteriovenous segregation. 6 The phenotypes observed in vivo in mouse were highly reminiscent of phenotypes in the dominant-negative Sox18
RaOp model observed from 12.5 dpc to 14.5 dpc 51 and the phenotypes seen in double MO experiments mimicked Sox7/Sox18 dKD. We propose that these results together point toward a "phenotypic threshold" model. Under this scenario, removal of 1 SoxF is being compensated for by the presence of redundant SoxF transcription factors (as shown previously [19] [20] [21] 23 ) and Vegfd enhancement of the remaining SoxF activity maintains a wild-type phenotype. In the absence of Vegfd, reduced activity of the compensatory SoxF may lead to gene expression levels at a range of target loci that fall below the threshold needed to maintain normal development (indicated in Figure 5J ).
Our finding of a novel capability of VEGFD to enhance SOXF transcription factor function implies that the well-documented pathological phenotypes associated with abnormal VEGFD expression may include an element of SOXF dysregulation. It will be interesting to explore whether the interactions observed here in the context of the embryo play out under pathological conditions such as cancer metastasis.
